Introduction
============

In many countries, the use of maternal serum marker screening and ultrasound imaging (ultrasonography) to detect chromosome aneuploidies and other birth defects are a routine part of prenatal care in the first and/or second trimesters. However, both of these approaches suffer from high false positive rates, ranging from 2%--7%.[@b1-ijwh-7-113],[@b2-ijwh-7-113] If these tests indicate that a fetus is at increased risk of aneuploidy, invasive methods like chorionic villus sampling (CVS) or amniocentesis are recommended for diagnosis. CVS is typically offered around 10--13 weeks gestation, while amniocentesis is offered after 15 weeks. Many women are uncomfortable with invasive testing because of its physical discomfort and the associated 1%--2% risk of procedure-induced miscarriage.[@b3-ijwh-7-113]

In recent years, a new prenatal test has entered the market and is rapidly changing the prenatal testing paradigm. Non-invasive prenatal testing (NIPT) offers an intermediate step between serum screening and invasive diagnostic testing. NIPT involves analyzing the cell-free fetal DNA (cffDNA) present in a sample of maternal blood to determine the likelihood of a fetal aneuploidy.[@b4-ijwh-7-113] NIPT is more accurate than serum screening and produces fewer false positives, but is not currently diagnostic. The only physical risks associated with the procedure are those normally associated with a blood draw and there is no risk of miscarriage. cffDNA can be detected in maternal plasma as early as 5--7 weeks;[@b5-ijwh-7-113] however, test results are more accurate after 10 weeks because the amount of cffDNA increases over time.[@b6-ijwh-7-113] Currently, NIPT has only been validated in women with an increased risk of fetal aneuploidies; according to the American Congress of Obstetricians and Gynecologists (ACOG), risk factors include: 1) maternal age 35 years or older at delivery; 2) fetal ultrasonographic findings indicating an increased risk of aneuploidy; 3) history of a prior pregnancy with a trisomy; 4) positive test result for aneuploidy, including first trimester, sequential, or integrated screen, or a quadruple screen; or 5) a parental balanced Robertsonian translocation with increased risk of fetal trisomy 13 or trisomy 21.[@b7-ijwh-7-113]

Circulating cffDNA, RNA, and intact fetal cells can all be used to assess the genetic status of the fetus noninvasively. cffDNA is abundant, stable, and remains in maternal circulation for only a few days after each pregnancy, making it most suitable for pregnancy-specific testing.[@b8-ijwh-7-113] Furthermore, recent innovations in DNA sequencing, such as shotgun massively parallel sequencing (MPS), allow faster and cheaper sequencing of cell-free DNA in maternal circulation. These technologies make it feasible to identify and quantify changes in the amount of fetal chromosomal DNA that signal the presence of a chromosome aneuploidy. Targeted MPS involves sequencing selected regions of interest, such as chromosomes 13, 18, and 21, in cffDNA to determine aneuploidy status. Other methods, such as digital polymerase chain reaction (PCR) to examine methylated DNA and epigenetic differences between fetal and maternal DNA, are currently under exploration for detecting chromosomal aneuploidies via NIPT.[@b8-ijwh-7-113]--[@b13-ijwh-7-113]

Clinical translation of NIPT technologies has advanced rapidly.[@b14-ijwh-7-113] As of 2014, commercially available NIPT identifies aneuploidies in chromosomes 13, 16, 18, 21, 22, X, and Y, allowing for detection of the most frequently observed chromosome aneuploidies, including Down syndrome (trisomy 21, or 47,+21), Edward syndrome (trisomy 18, or 47,+18), Patau syndrome (trisomy 13, or 47,+13), and common sex chromosome aneuploidies like Turner syndrome (45,X) and Klinefelter syndrome (47,XXY).[@b15-ijwh-7-113]--[@b22-ijwh-7-113]

Both shotgun and targeted methods of cffDNA sequencing have reported sensitivity (true positive rate) and specificity (true negative rate) rates of greater than 99% in detecting 47,+21.[@b23-ijwh-7-113]--[@b25-ijwh-7-113] Sensitivity and specificity are lower for other aneuploidies like 47,+18 (97%--99% and \>99%, respectively), 47,+13 (87%--99% and \>99%, respectively), and 45,X (92%--95% and 99%, respectively), which are comparatively rare.[@b16-ijwh-7-113]--[@b22-ijwh-7-113],[@b26-ijwh-7-113]--[@b30-ijwh-7-113] The low false positive rate (1%--3%) is one of the most advertised advantages of NIPT; fewer positive findings may allow women to avoid unnecessary invasive procedures to confirm an inaccurate screening result.[@b31-ijwh-7-113],[@b32-ijwh-7-113] Although the miscarriage rates for invasive procedures are small, approximately 1% if performed by a skilled provider,[@b33-ijwh-7-113] this risk may be elevated in low resource situations where skilled providers are less prevalent. Studies report that the potential risk to pregnancy, however small, due to invasive procedures is one of the most commonly reported reasons for refusing prenatal diagnosis.[@b34-ijwh-7-113],[@b35-ijwh-7-113]

NIPT can also determine paternity and fetal sex earlier in gestation than previous tests, including, possibly, ultrasound.[@b36-ijwh-7-113] It is also used in parts of Europe to determine fetal rhesus D status and prevent rhesus D negative mothers from undergoing unnecessary prophylactic treatment.[@b37-ijwh-7-113],[@b38-ijwh-7-113] Proof of concept has also been demonstrated for the noninvasive detection of sub-chromosomal abnormalities such as copy number variants or microdeletions, which may lead to a variety of conditions involving physical abnormality and cognitive delay.[@b39-ijwh-7-113] As of 2014, tests are commercially available for abnormalities on chromosomes 1p, 5p, 15q, 22q, 11q, 8q, and 4p.[@b40-ijwh-7-113],[@b41-ijwh-7-113] The specificity and sensitivity of these tests, however, has not yet been validated. Some groups have also used cffDNA for noninvasive diagnosis of Mendelian, or single gene, disorders.[@b42-ijwh-7-113]--[@b44-ijwh-7-113] Finally, two groups have demonstrated the potential of sequencing an entire fetal genome using cffDNA[@b45-ijwh-7-113],[@b46-ijwh-7-113] but this technique is currently impractical for widespread use and is not recommended by professional societies.

Commercialization
=================

NIPT was first released in Hong Kong in August 2011[@b47-ijwh-7-113] and soon after was introduced commercially in the US in October 2011.[@b48-ijwh-7-113],[@b49-ijwh-7-113] As of 2014, five for-profit companies offer NIPT in the US. The global NIPT market was valued at US\$0.22 billion in 2012 and is estimated to grow to reach an estimated value of \$3.62 billion in 2019.[@b50-ijwh-7-113] In the US, the first available test was the MaterniT21Plus™ test developed by Sequenom (San Diego, CA, USA), which currently detects trisomies 13, 16, 18, 21, and 22; certain sex chromosome aneuploidies; and some microdeletions.[@b25-ijwh-7-113] Verinata Health, a subsidiary of Illumina (Redwood City, CA, USA), offers verifi™; the basic test detects trisomies 13, 18, and 21, and the expanded test also reports sex chromosome aneuploidies.[@b23-ijwh-7-113] The Harmony™ Prenatal Test by Ariosa Diagnostics (San Jose, CA, USA) tests for trisomies 13, 18, and 21.[@b51-ijwh-7-113] Natera (San Carlos, CA, USA) offers the Panorama™ test which detects trisomies 13, 18, and 21 as well as some sex chromosome aneuploidies and some microdeletions.[@b24-ijwh-7-113] Finally, LabCorp, Inc. offers the informaSeq^SM^ test; the basic test detects trisomies 13, 18, and 21, and additional optional testing testing can detect fetal sex or fetal sex in combination with sex chromosome aneuploidies.[@b52-ijwh-7-113] While Sequenom and Verinata use the shotgun MPS approach, Natera and Ariosa use targeted MPS. All four tests can detect fetal sex, but physicians may need to request this information.

Since 2011, several companies have marketed NIPT worldwide. Currently, NIPT is offered in over 60 countries throughout six continents ([Figure 1](#f1-ijwh-7-113){ref-type="fig"}), although a recent market report shows that North America accounts for 64.5% of global NIPT revenue, followed by Europe.[@b50-ijwh-7-113] Sequenom, Verinata Health, Ariosa Diagnostics, Natera, and LabCorp, Inc. distribute from the United States; Iviomics and LifeCodexx are based in Europe; and Berry Genomics and BGI based are based in the People's Republic of China. While all companies offer testing for common chromosomal aneuploidies (trisomies 13, 18, and 21), coverage of sex chromosome aneuploidies and fetal sex varies by company and country. Distributing partners, such as laboratories and pregnancy clinics, generally collect samples locally and ship them to laboratories for processing. NIPT is not currently marketed directly to consumers and must be ordered by a physician.

In many countries, multiple companies and their distribution partners offer several tests. Many companies and partners also operate regionally; for example, LifeCodexx offers its test largely within Europe, the Middle East, and Northern Africa, while BGI offers its test largely in Asia, Europe, South America, and the Middle East. Test prices are highly variable across the globe. In the US, test prices range from \$795 to over \$3,000, with inconsistent insurance coverage, while invasive procedures like amniocentesis or CVS are nearly always covered by public or private insurance. In Europe, NIPT prices range from €631--858[@b49-ijwh-7-113] and in the UK range from £400--900.[@b53-ijwh-7-113] Elsewhere, NIPT prices in Hong Kong are approximately 4,500 to 8,000 Hong Kong Dollars (US\$580 to \$1,000), and 3,500 real (US\$1492) in Brazil.[@b49-ijwh-7-113] Prices in many low- or middle-income countries (LMICs) are not yet available or published.[@b49-ijwh-7-113]

Implementation in high-income countries
=======================================

Although clinicians in the US have adopted NIPT more quickly than anticipated,[@b54-ijwh-7-113]--[@b56-ijwh-7-113] its availability remains variable. Among four regionally dispersed US medical centers offering Verinata's test in 2012, there was less testing performed in the Midwest compared to the West and East Coasts.[@b57-ijwh-7-113] Private insurance and state Medicaid coverage are also highly variable; some state Medicaid programs do not cover NIPT while other programs will cover NIPT but only from certain companies. There is also a concern that as the use of NIPT increases, the availability and quality of invasive testing will decrease, as clinicians lose practice with performing these technical procedures. Additionally, clinicians will need to ensure that patients are adequately counseled to make autonomous, informed decisions regarding whether to undergo NIPT and how to understand its results and limitations. Finally, questions remain about how ongoing legal battles over intellectual property (IP) in the US will affect test availability and prices, what role government regulatory bodies should play in testing oversight, and how widespread use of NIPT may impact support systems for children born with genetic disorders like Down syndrome.

Clinical issues
---------------

The current standard of care for prenatal screening in many high-income countries involves a first and second trimester ultrasound combined with biomarker serum screens in the first and/or second trimesters. Serum screening provides risk information about chromosomal aneuploidy as well as preeclampsia, intrauterine growth restriction, and fetal demise.[@b58-ijwh-7-113] NIPT could be implemented into this testing pipeline in one of three ways: as a replacement for serum screening, as an intermediate step between screening and invasive procedures, or as a replacement for invasive testing.[@b59-ijwh-7-113] While NIPT is not currently recommended as a first step in screening by many professional societies, it has been accepted as a second tier test in high-risk pregnancies.[@b7-ijwh-7-113],[@b60-ijwh-7-113]--[@b62-ijwh-7-113] Nevertheless, studies have been conducted to validate the clinical utility of NIPT in "low risk" pregnancies.[@b15-ijwh-7-113],[@b27-ijwh-7-113],[@b63-ijwh-7-113] These studies indicate that NIPT produces lower false positives and higher positive predictive values than serum screening. A recent survey indicated that clinicians believe that NIPT will someday replace conventional screening procedures.[@b58-ijwh-7-113]

Clinical uptake of NIPT in the US appears to be high. A recent survey of maternal fetal medicine (MFM) specialists revealed that 94% of 278 respondents currently offer NIPT.[@b58-ijwh-7-113] Those who did not cited excessive test cost, lack of insurance coverage, and doubts regarding test sensitivity. Despite the lack of clinical data on NIPT use for average risk pregnancies, and the recommendations of professional societies, 5% of respondents reported that they offer NIPT to all patients. Over half of respondents also indicated that they offer NIPT when specifically asked by the patient. In addition, 13% indicated that they offer NIPT as a diagnostic test, again in contrast to professional guidelines, but these respondents reported having less access to genetic counselors than respondents who offer NIPT as a screening method. Despite the fact that 91% of respondents reported feeling confident in their knowledge of NIPT, these survey results indicate that education gaps remain among MFM specialists regarding the limitations of NIPT and current professional practice guidelines.

These gaps are more significant among clinicians who are not MFM specialists. For instance, MFM specialists may have the training necessary to understand the importance of fetal fraction (the amount of fetal DNA among total circulating cell-free DNA in maternal serum) in determining the accuracy of NIPT.[@b64-ijwh-7-113] Fetal fraction can be greatly influenced by maternal body mass index, ethnicity, gestational age, type of aneuploidy, singleton pregnancy versus multiples, and mosaicism.[@b63-ijwh-7-113],[@b65-ijwh-7-113] Although the sensitivities and specificities of NIPT are high, they are not diagnostic, and reports in the literature confirm examples of both false positives[@b66-ijwh-7-113] and false negatives.[@b67-ijwh-7-113] Confined placental mosaicism, maternal mosaicism, co-twin demise, or maternal malignancy[@b29-ijwh-7-113],[@b63-ijwh-7-113] have also been reported and can result in false positives. Clinicians may also struggle with clinical management of rare cases where NIPT and invasive testing give discordant results.[@b68-ijwh-7-113] Additionally, there have been no head-to-head trials comparing how NIPT tests perform relative to each other, although studies are underway in Canada[@b69-ijwh-7-113] and the UK.[@b70-ijwh-7-113] Anecdotally, clinicians are selecting tests based on a variety of factors unrelated to test performance, including average time to receive results, accessibility of customer support services, and technical knowledge of sales representatives. Furthermore, the proprietary nature of the analysis algorithms used by each company hampers the ability to independently validate test results.

Another concern is that the increased uptake of NIPT means fewer invasive procedures will be conducted; indeed, clinics that report an increase in NIPT also report that the number of invasive testing procedures they perform has declined by almost 50%.[@b57-ijwh-7-113],[@b71-ijwh-7-113] Some reports also indicate that women who undergo NIPT based on advanced maternal age opt only for NIPT and decline invasive tests.[@b72-ijwh-7-113] While reducing invasive procedures is seen as a benefit from most patients' perspectives, it means that the experience and skill of clinicians who perform these procedures will decline, potentially elevating the risk of procedure-associated miscarriage in each procedure. Additionally, clinicians are at risk of losing licensing credentials if they are unable to perform a specified number of these procedures each year. Anecdotally, new generations of MFM specialists are receiving less hands-on practice in amniocentesis or CVS. This may create a cycle wherein the rates of miscarriage associated with invasive testing increase and patients are even more inclined to opt for NIPT over invasive testing. Given that NIPT can produce false positives, there is also a concern that reliance on NIPT will increase the number of healthy fetuses aborted.[@b67-ijwh-7-113] Invasive tests also detect chromosome abnormalities, like translocations, inversions, and Mendelian genetic conditions, that are not currently included in commercial NIPT.[@b73-ijwh-7-113]

Finally, the cost effectiveness of NIPT over other testing and screening protocols must be established. An analysis in Australia indicated that NIPT would increase costs by 9.7% per case of trisomy 21 confirmed over 2 years, despite the reduction in the number of invasive procedures.[@b74-ijwh-7-113] An analysis from the UK indicated that NIPT, when used as a first line test, would produce more favorable outcomes but at greater cost than current testing protocols.[@b53-ijwh-7-113] Finally, analyses from the US indicate that using NIPT as an initial screen followed by confirmatory invasive testing is cost-effective compared to the use of NIPT as a diagnostic tool.[@b75-ijwh-7-113] An Ariosa-sponsored study also argued that their Harmony™ test is more effective and cheaper than both first trimester combined screening and integrated screening.[@b27-ijwh-7-113]

Ethical issues
--------------

One of the major ethical concerns with NIPT is informed decision making. Currently, professional guidelines recommend that patients offered NIPT should receive pre- and post-test genetic counseling; most academic medical centers and MFM specialty clinics in the US provide both.[@b62-ijwh-7-113],[@b76-ijwh-7-113] It is less clear whether, and how, clinicians in independent practices offer genetic counseling when they order NIPT directly. There are concerns that NIPT could become "routinized", or merged into the barrage of blood draws that accompany pregnancy visits.[@b77-ijwh-7-113] If patients are not given a clear choice about whether or not to undergo NIPT, they may not have an opportunity to think through whether they truly want the test results or how they would react to them.[@b78-ijwh-7-113] Data from experiences with serum screening, a "standard" blood draw, indicate poor levels of informed consent prior to undergoing screening, with many women indicating that they did not intend to receive testing or that they declined it without realizing its function.[@b79-ijwh-7-113]--[@b81-ijwh-7-113] Unexpected test results can have significant emotional and social implications and interfere with reproductive autonomy, which is highly valued in many Western societies. If NIPT replaces the current two-step approach of prenatal screening, it will eliminate this dual opportunity to encourage informed decision-making.[@b59-ijwh-7-113] While NIPT as a primary screen could reduce health care costs, it would also allow only one point of contact between a pregnant woman and her physician in which to discuss the implications of undergoing prenatal testing. There is already evidence that both physicians and patients feel there is less need to obtain written consent for NIPT than for invasive testing.[@b82-ijwh-7-113],[@b83-ijwh-7-113] As NIPT comes closer to reaching the diagnostic accuracy of invasive testing compared to previous prenatal tests, the ethical implications of how and when NIPT is integrated into prenatal screening need to be carefully weighed.[@b77-ijwh-7-113],[@b84-ijwh-7-113]--[@b87-ijwh-7-113]

There are also logistical considerations in providing patients with the information they need for informed decision-making. In countries like Germany, up to 85% of women opt for serum screening;[@b59-ijwh-7-113] if NIPT replaces screening, the resources needed to provide adequate pre-test counseling will increase considerably. There is already a shortage of certified prenatal genetic counselors, prompting concerns that broader adoption of NIPT will result in an overall decrease in informed decision-making.[@b58-ijwh-7-113],[@b64-ijwh-7-113] Some companies have begun providing their own genetic counseling services to fill this gap, but observers have raised questions about whether genetic counselors in this position have a conflict of interest.[@b88-ijwh-7-113] The lack of genetic counselors further exacerbates concerns that women will have difficulty understanding the risk estimates produced by NIPT, especially that NIPT is not diagnostic and that its sensitivity and specificity vary by condition.[@b78-ijwh-7-113],[@b89-ijwh-7-113]--[@b91-ijwh-7-113] There are also concerns that women will be less inclined to bond with their future child until they are assured that the fetus is "healthy".[@b92-ijwh-7-113],[@b93-ijwh-7-113] Some women feel that testing earlier in the pregnancy, and potentially terminating an affected pregnancy, may be easier emotionally because of the "less-intense emotional bond between mother and her unborn child".[@b78-ijwh-7-113] Another study reported that the ability of NIPT to detect fetal sex as early as 10 weeks may reassure women who are carriers of X-linked conditions that their child is female, and therefore at lower risk.[@b94-ijwh-7-113] These studies suggest that providers will need to be prepared to guide their patients through the interpretation of test results and their implications depending on the context of each pregnancy. However, in the US, fewer and fewer physicians seek board certification in clinical genetics; in fact there are fewer certified annually today than 30 years ago.[@b91-ijwh-7-113] Indeed, in states like Alaska, there are no medical geneticists at all,[@b95-ijwh-7-113] raising concern about physicians' capability to provide such guidance to patients.

Genetic determinism and eugenics also factor into ethical debates surrounding use of NIPT. Although technological limitations and cost currently limit testing to a small number of conditions, future innovations have the potential to expand the spectrum of detectable conditions. There is concern among both physicians and the general public that patients may soon demand testing for a wide variety of conditions, including adult-onset diseases.[@b64-ijwh-7-113],[@b96-ijwh-7-113] There is also debate over whether NIPT should be limited to serious medical conditions, and if so what constitutes a serious medical condition.[@b97-ijwh-7-113],[@b98-ijwh-7-113] Although factors like the severity of a genetic condition, the viability of the fetus/child, and the quality of life of the family are important considerations,[@b78-ijwh-7-113] the variable expressivity and penetrance of genetic disorders, including trisomy 21, make it difficult to predict the physical or emotional health of an affected child.

These issues will become more prominent if NIPT expands into whole genome microarrays or sequencing. Handling variants of unknown significance (VUS) has already posed problems for invasive microarray testing[@b99-ijwh-7-113]--[@b101-ijwh-7-113] and pediatric whole genome/exome sequencing.[@b102-ijwh-7-113] There is currently no consensus on how to clinically manage VUS[@b98-ijwh-7-113] and when to return these incidental findings to patients.[@b100-ijwh-7-113],[@b101-ijwh-7-113]

The increasing use of NIPT has important social implications. Mothers of children with Down syndrome report several concerns about the increased uptake of NIPT.[@b103-ijwh-7-113]--[@b105-ijwh-7-113] Because NIPT testing is "easy", women may feel more pressure to undergo prenatal testing, leading to a potential increase in positive findings. Because statistics suggest that a majority of pregnancies diagnosed with Down syndrome are terminated, increased diagnosis may lead to an increase in terminations.[@b106-ijwh-7-113] Activists are concerned that this would increase the social stigma associated with having a child with Down syndrome and the availability of services like medical care, physical or occupational therapy, or school programs for people with Down syndrome. While this population supports the availability of NIPT, they join a consistent narrative from disability rights activists that testing should be provided with balanced information and adequate attention to the psychosocial health of many individuals and families who live happily with conditions like Down syndrome, Turner syndrome, or Klinefelter syndrome.[@b107-ijwh-7-113]--[@b110-ijwh-7-113] Discussions of how a society continues to value all its members while allowing women and their partners a full range of reproductive autonomy are important and ongoing.[@b104-ijwh-7-113],[@b105-ijwh-7-113]

Legal and regulatory issues
---------------------------

NIPT is associated with significant IP issues in the US; four companies have been embroiled in patent litigation since 2011.[@b48-ijwh-7-113] Litigation began when Sequenom sought a preliminary injunction against Ariosa to stop marketing its Harmony™ test, stating that Ariosa's test infringed upon Sequenom's dominant patent. Ariosa counter-sued Sequenom stating that it did not violate the patent. In recent developments, a lower district court rejected Sequenom's request for summary judgment and invalidated several of its patent claims, but an appeal is ongoing. In other battles, Illumina, the parent company of Verinata Health, also sued Ariosa in 2014, arguing that its test also infringed on their IP.[@b111-ijwh-7-113] Ongoing administrative proceedings at the US Patent and Trademark Office in patent interference and re-examination cases between Verinata and Sequenom and between Ariosa and Sequenom create further uncertainty.[@b48-ijwh-7-113] It is clear that the legal issues will take considerable time and judicial attention to resolve, especially in light of the US Supreme Court's 2013 ruling on the non-patentability of DNA in *Association of Molecular Pathology v Myriad*.[@b112-ijwh-7-113] It is also clear that should any one company prevail, and proceed to block its competitors from providing testing (as Sequenom has stated it intends to do),[@b113-ijwh-7-113] the consequences could be significant for patients. Observers of patent monopolies cite increased costs, lack of access to confirmatory testing, and the proprietary retention of data that might otherwise be used to make diagnostic advances as potential negative consequences.[@b114-ijwh-7-113]--[@b116-ijwh-7-113]

All five US companies market NIPT as a laboratory-developed test (LDT), and their laboratories are regulated by the Center for Medicare and Medicaid Services under the Clinical Laboratory Improvement Amendments act. The US Food and Drug Administration (FDA) has thus far exercised its discretionary power not to regulate LDTs. However, in 2012 the FDA suggested that it was considering extending oversight over NIPT due to the "high risk" associated with these tests.[@b117-ijwh-7-113] Some US companies (Illumina and Sequenom) have also indicated plans to seek premarket approval from the FDA for NIPT test kits going forward. There is no clear consensus in the US about whether NIPT should be regulated by the FDA, especially since several prenatal tests, such as commercially offered prenatal chromosomal microarray tests, are not currently regulated by the FDA and are sold as LDTs. Yet one recent study indicates that nearly half of ACOG fellows favor FDA oversight of NIPT.[@b64-ijwh-7-113] In other high-income nations it is not clear that any companies have received regulatory approval from local or regional regulatory agencies. The laboratories of licensed providers of US tests, such as LifeCodexx, are presumably regulated by European regulatory agencies that oversee and certify diagnostic laboratories, but it is not clear that these tests have received approval from European regulatory agencies.

Like all new reproductive and prenatal technologies, NIPT must comply with existing legal frameworks surrounding reproductive technologies and abortion. Implementation of NIPT could be of particular importance in countries like the US, where gestational limitations on abortion vary by state. Because NIPT can be performed as early as 10 weeks, families may be able to terminate affected pregnancies within the legally allowed gestational age and have more time to consider termination decisions. Earlier access to prenatal information may also allow for medical, rather than surgical abortions, which women may prefer because they are less invasive.[@b118-ijwh-7-113] In the future, the range of conditions detected by NIPT may include common Mendelian conditions and a broader range of sub-chromosomal conditions, which may provide families with accurate information about these conditions within the legal abortion timeframe.

Implementation in LMICs
=======================

The availability of prenatal genetic technologies varies drastically in the developing world. Urbanized areas, in which most upper and upper-middle class individuals live, have more information about and access to prenatal testing.[@b32-ijwh-7-113],[@b119-ijwh-7-113] Rural areas, urban slums, and other resource-poor regions lack access to most prenatal care.[@b120-ijwh-7-113] NIPT uptake is more likely in patients with higher levels of education, higher income, and insurance coverage, factors that are more prevalent in high-income countries than in LMICs.[@b121-ijwh-7-113],[@b122-ijwh-7-113] These endemic disparities in LMICs may be exacerbated by both the cost of NIPT and its availability only in specialty clinics in urban areas.

Clinical issues
---------------

In many LMICs, there is less emphasis on prenatal screening for aneuploidy because the incidence rate is lower than in high-income countries. For example, in India only one in every 1,150 live births is born with Down syndrome, as opposed to the one in 732 in the US.[@b123-ijwh-7-113] This is partially due to the tendency of women in LMICs to have children younger in life. In India, the percentage of mothers who are greater than 35 years old at the time of delivery is only 2%--5%,[@b123-ijwh-7-113] in contrast to 8.3% (as of 2006) in the US.[@b124-ijwh-7-113] The exception, however, is Middle Eastern countries, which have a relatively high fertility rate for women over 35 and a higher overall rate of aneuploidies.[@b123-ijwh-7-113] The high rate of consanguineous marriages in parts of the Middle East also increases the incidence of birth defects.[@b125-ijwh-7-113] However, as LMICs undergo social and economic transition, the primipara age rises. Furthermore, while the incidence of chromosomal aneuploidies may be low in LMICs, they may have a high incidence of other genetic disorders like beta thalassemia and sickle cell disease.[@b126-ijwh-7-113],[@b127-ijwh-7-113] Many of these countries currently manage these conditions through premarital or prenatal genetic services. In fact, the high prevalence of these conditions has led some governments to focus their resources on preconception testing and counseling for these heritable traits rather than on the less common and (generally) non-heritable aneuploidies.[@b128-ijwh-7-113],[@b129-ijwh-7-113] Nevertheless, many countries in the Middle East, Africa, and South America still lack systematic and widespread prenatal screening programs.[@b130-ijwh-7-113]

Infrastructure burdens also interfere with implementing NIPT in low-resource settings like rural and peri-urban areas, urban slums, or locations with low population density. In these areas, a majority of health care is provided by non-governmental organizations that are funded by national and international grants.[@b131-ijwh-7-113],[@b132-ijwh-7-113] Rural clinics may lack the ability to transport blood samples to facilities that can perform laboratory-based tests. Implementation will require improvements to existing infrastructure, such as roads and refrigeration, to make transportation of samples more efficient. Both small government clinics and facilities established by non-governmental organizations may also need support in connecting their patients through referrals to other centers that can provide follow-on testing.

In spite of infrastructure challenges, NIPT may be useful in LMICs because it reduces the need for medical professionals who can perform invasive testing procedures and interpret anomalous ultrasound results. Community health workers are fully capable of taking blood draws, which could then be shipped to specialty laboratories for analysis,[@b133-ijwh-7-113] improving access to genetic testing for people in rural, peri-urban, and urban settings. Furthermore, many women in LMICs refuse invasive procedures due to socio-cultural and religious reasons surrounding the sanctity of the pregnancy: a survey of pregnant women in Chile found that while 94% of patients sought nuchal translucency screening, only 38% said that they would be willing to conduct an invasive diagnostic test.[@b134-ijwh-7-113] NIPT could be a valuable alternative to invasive testing, improving detection rates and lowering false positive rates in these areas. However, this would require public sector institutions that provide specialty genetic services to adopt these technologies, which may require outside investment in sequencing technologies and personnel training.

Ethical issues
--------------

Even more so than in high-income countries, genetic literacy and the availability of genetic counseling services are limited in LMICs to highly trained specialists, who tend to cluster in tertiary care facilities in urban areas, if they exist at all.[@b119-ijwh-7-113],[@b130-ijwh-7-113] Pre-test counseling and assistance with interpreting results is likely to be limited to relatively narrow sectors of the population. Indeed, in some areas of the People's Republic of China anecdotal reports indicate that patients are receiving results directly via text messages, giving them little to no opportunity to seek professional interpretation. Furthermore, clinical care providers in non-urban areas have little, if any, genetic training. This creates the potential for misunderstood results and poor clinical management, even if providers can re-contact patients regarding their results. It is clear that clinicians need additional resources to ensure informed consent and appropriate emotional and clinical support during NIPT.

The for-profit model of NIPT also raises questions about equity in access for those with financial limitations. Private and public insurance coverage in many LMICs is uneven and/or non-existent, meaning that many families are limited in their access to medical services by what they can pay for out of pocket. In Latin America, 20%--40% of people do not have access to any kind of health insurance.[@b135-ijwh-7-113] In the People's Republic of China, the cost of NIPT is higher than any other screening protocol in the mainland of the People's Republic of China,[@b27-ijwh-7-113] costing the equivalent of an average month's income.[@b49-ijwh-7-113] Furthermore, where public health care is available, it often covers existing techniques, such as serum screening or amniocentesis, making NIPT less cost effective.[@b136-ijwh-7-113] Even if test prices were reduced, obtaining NIPT would still represent a financial burden for low-income families. Unless subsidy programs are developed, this stratification between those with access to prenatal services and those who lack access has the potential to increase disease burden among less advantaged populations. This is especially problematic, as these populations have the fewest resources to care for individuals with special needs.

Furthermore, in many LMICs the birth of a baby with genetic abnormalities is often seen as a burden.[@b137-ijwh-7-113],[@b138-ijwh-7-113] In many areas, where pension funds and other safety nets are not prevalent, children are seen as a source of support and care during old age; children with disabilities may threaten the security of the family as a whole. In the People's Republic of China, "the care of children with handicaps strains and violates the Chinese culturally expected order of parental obligations".[@b139-ijwh-7-113] Prenatal testing is therefore seen as a necessity in preventing the birth of disabled children. In a Chinese sample, 78% of respondents would not consider bearing a child with a 5% risk of a "handicap" and 83% said they would seek an abortion if they received such a diagnosis.[@b140-ijwh-7-113] These statistics support concerns by many activists that the wider availability of NIPT will lead to an increase in women seeking abortions, and, in some places where abortion is illegal, in women receiving unsafe abortions. This increase not only poses a risk to maternal health but also decreases the number of individuals of differential abilities in these societies. As disability activists have repeatedly argued, the fewer individuals with disabilities who are present in a society, the less that society will learn to value such individuals and provide the necessary services for them to survive and thrive.[@b103-ijwh-7-113],[@b105-ijwh-7-113]

Legal and regulatory issues
---------------------------

Since much of the NIPT currently offered in LMICs is performed in US or Europe based-laboratories, only the laboratory accreditation/oversight mechanisms in US and/or Europe apply. Genetic testing in LMICs is not generally under national regulatory oversight but recent events in the People's Republic of China highlight how regulatory issues can affect clinical implementation. In early 2014, the Chinese FDA issued a notice that all clinical sequencing tests in the People's Republic of China would be suspended until they could be evaluated for quality and reliability.[@b141-ijwh-7-113] Because a large percentage of the clinical sequencing performed in the People's Republic of China is NIPT, conducted by BGI and Berry Genomics, this ban has a disproportionate impact on the prenatal testing community. Furthermore, because it is illegal to transport DNA out of the country, patients cannot access testing by other international NIPT companies. BGI confirmed that it had ceased all NIPT in the People's Republic of China,[@b142-ijwh-7-113] although they eventually received permission to resume testing later in 2014.[@b143-ijwh-7-113] It does not appear that the ban ever applied to NIPT that BGI offers globally, where samples enter the People's Republic of China from other countries and are processed in BGI's Shenzen facility. As genetic and genomic tests are marketed globally, more countries will be pressured to develop regulatory frameworks for effective oversight.

There are legal considerations surrounding the use of prenatal testing technologies in LMICs, including national laws on abortion and reproductive technologies. There is ongoing debate about whether prenatal diagnosis should be offered at all in countries where women do not have access to legal abortion.[@b144-ijwh-7-113] On one hand, prenatal detection of fetal aneuploidy gives families time to prepare for the birth, arrange resources to deal with potential complications, and schedule specialty services. On the other hand, receiving prenatal information without the option of discontinuing the pregnancy may have moral and psychological consequences.[@b144-ijwh-7-113]

Laws regarding abortion are highly variable.[@b145-ijwh-7-113] Limitations can be placed on the grounds for abortion, or on the gestational age limit. In some instances, countries maintain the same restrictions on the reasons for abortion throughout the pregnancy. Other countries incorporate gestational limits within the pregnancy and increasingly limit the grounds for abortion as the pregnancy progresses.[@b146-ijwh-7-113] In recent years, there has been indication of a trend toward the liberalization of abortion laws,[@b145-ijwh-7-113] but this trend has not been universal. Indeed, some countries have amended their penal codes to further restrict abortion: both El Salvador and Nicaragua removed all exceptions to the prohibition of abortion in 1998 and 2006, respectively.[@b147-ijwh-7-113]

Numerous factors contribute to the development of abortion laws. In many cases, religion has a prominent influence,[@b146-ijwh-7-113],[@b148-ijwh-7-113] but other factors include political ideology and the perceived economic threat of population expansion.[@b146-ijwh-7-113] Furthermore, there are often significant discrepancies between abortion policy and practice.[@b146-ijwh-7-113] Some question the efficacy of abortion laws altogether, noting that women often seek illegal abortions for unplanned pregnancies.[@b149-ijwh-7-113] An estimated 40% of women around the world live in countries where access to abortion services is restricted; as Bernabe-Ortiz et al point out, "in 2003, an estimated 55% of induced abortions in developing countries were unsafe, and 97% of all unsafe abortions were in developing countries".[@b150-ijwh-7-113] This leads to a correlation between restrictive abortion policies, unsafe abortions, and increased maternal mortality.[@b151-ijwh-7-113] In jurisdictions where abortion is restricted, women may also travel outside the country to obtain abortion services, often at a high financial and social cost.[@b152-ijwh-7-113],[@b153-ijwh-7-113]

Another legal issue is the regulation of fetal sex information in countries where sex selection is common practice. In India, the People's Republic of China, and many parts of southeast Asia, sex selection against female children is prevalent, and sex-selective abortion has contributed to highly skewed sex ratios in these countries.[@b154-ijwh-7-113] India and the People's Republic of China have enacted legislation forbidding the disclosure of fetal sex information to pregnant women. In India, the national Pre-Conception and Pre-Natal Diagnostics Techniques Act of 1994 prohibits sex-selective abortions, although it did not go into effect until 2003.[@b155-ijwh-7-113],[@b156-ijwh-7-113] There is debate about the extent to which this law has reduced sex-selective abortion; the child sex ratio at birth has continuously declined from 1971 to 2011.[@b157-ijwh-7-113],[@b158-ijwh-7-113] Even with the law in place, however, medical practitioners have several opportunities to covertly disclose fetal sex information to patients[@b154-ijwh-7-113],[@b159-ijwh-7-113] and the number of reported violations has risen annually. Some doctors who violated the law were recently prosecuted in India,[@b155-ijwh-7-113] but observers warn that enforcement of the law is poor and inconsistent.[@b157-ijwh-7-113]

In the People's Republic of China, similar legislation has been passed to deter sex-selective abortion, but as in India these laws are unevenly enforced.[@b154-ijwh-7-113],[@b160-ijwh-7-113],[@b161-ijwh-7-113] Culturally, there is a strong preference for having at least one male child in the People's Republic of China, due in part to their perceived ability to support their parents during old age.[@b162-ijwh-7-113],[@b163-ijwh-7-113] Because the People's Republic of China restricts the number of children families are permitted to have (which varies between jurisdictions, but in urban areas is generally capped at one), families feel enormous pressure to ensure that their only child is male.[@b154-ijwh-7-113] As a result, the reported sex ratio at birth in 2003 was roughly 117 boys to 100 girls[@b164-ijwh-7-113] in some regions of the People's Republic of China, meaning that 30 to 40 million girls are "missing".[@b165-ijwh-7-113] Lai-wan et al refer to the state of sex ratios in the People's Republic of China as an incipient "social and demographic disaster of major proportions for which neither the government nor the people of the People's Republic of China appear to have the will or the means to forestall".[@b166-ijwh-7-113] In 2014, transporting blood samples over the border into Hong Kong in order to receive fetal sex testing remains common.[@b167-ijwh-7-113]

Conclusions and future considerations
=====================================

As NIPT expands, it is important that it is used effectively and ethically, especially if it ultimately becomes a first tier screen. Educating patients to ensure informed decision making and reproductive autonomy will be especially challenging in regions with low genetic literacy and few genetic specialists. It will be crucial to train more genetic counselors and to educate clinicians on how to guide women through the complicated and emotional decisions they will encounter as prenatal testing options expand. As sequencing technologies continue to improve, the number of genetic conditions that can be detected noninvasively will increase. Going forward, NIPT is likely to include many more microdeletions, microduplications, and mutations for Mendelian single gene disorders.[@b58-ijwh-7-113] The imminent inclusion of single gene disorders like thalassemias or sickle cell disease may be particularly useful for countries where these conditions are prevalent. Local governments and health care systems may wish to develop in-house testing capacity to customize content and focus their limited health care resources.

NIPT is currently too expensive for the majority of people in low-income countries, and these governments generally cannot afford to subsidize it. If LMICs choose to implement NIPT, the most equitable scenario would be to include it in public health sector institutions. But this will require considerable capacity building, investment in sequencing capacity, and training for public health professionals. Despite the continuing decline in sequencing costs, there remains a need for technological innovation directed at low-resource settings in order to make NIPT comparable to, or cheaper than, maternal serum screening. Tests that can detect both chromosomal aneuploidies and single gene disorders, and can be used in low-resource settings, will facilitate broader adoption of NIPT in LMICs. In addition, systems for evaluating and sharing national experiences with NIPT will be helpful in developing appropriate, context-specific practice guidelines. Similarly, better referral systems between community clinics, where most patients are seen, and specialty genetics services, where advanced prenatal testing and clinical care is delivered, will improve access to and use of NIPT. While it is important to train physicians about NIPT best practices, it is even more crucial to train community health workers on the front lines of prenatal care. Finally, these efforts must fit within the regulatory and legal context of each country.

Ultimately, all stakeholders, including professional societies, clinicians, patients, public and private insurance providers, health ministries, local governments, and health care regulators must be engaged in the global implementation of NIPT. The inclusion of these diverse perspectives can guide NIPT policy development to ensure improved prenatal care and health outcomes worldwide.
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